We present analyses of variability in the red giant stars in the metal-poor globular cluster NGC6397, based on data obtained with the Hubble Space Telescope. We use an non-standard data reduction approach to turn a 23-day observing run originally aimed at imaging the white dwarf population, into time-series photometry of the cluster's highly saturated red giant stars. With this technique we obtain noise levels in the final power spectra down to 50 parts per million, which allows us to search for low amplitude solar-like oscillations. We compare the observed excess power seen in the power spectra with estimates of the typical frequency range, frequency spacing and amplitude from scaling the solar oscillations. We see evidence that the detected variability is consistent with solar-like oscillations in at least one and perhaps up to four stars. With metallicities two orders of magnitude lower than of the Sun, these stars present so far the best evidence of solar-like oscillations in such a low metallicity environment.
INTRODUCTION
Theoretical models predict that cool stars with convective envelopes exhibit oscillatory motion due to excitation of a large number of eigen modes by the turbulent gas motion near the surface. The resulting p-mode oscillations are standing sound waves with the restoring force being pressure, hence their name, which therefore depend on the internal structure of the star. For historical reasons these oscillations are also known as solar-like oscillations. The technique of analyzing these oscillations to infer and constrain the stellar properties, called Helioseismology when applied to the Sun, has shown some remarkable results over the last few decades, and is starting to show promising results when applied to other stars -known as asteroseismology, e.g. see and references therein.
A typical characteristic of p-mode oscillations is an almost equidistant frequency spacing between modes of successive radial order with a broad, smoothly varying amplitude profile as a function of frequency. Amplitudes are only a few tens of centimeters per second in velocity and a few parts per million (ppm) in intensity in stars similar to the Sun, while the more vigorous convection in red giant stars generate amplitudes much larger, reaching up to several meters per second or the order of 1000 ppm (∼1mmag) in intensity. The higher signal-tonoise and prospects of obtaining additional measures to constrain the stellar parameters at this interesting evolutionary state makes red giants obvious targets for asteroseismic study.
A few simple relations exist to predict the ampli- tude, frequency, and frequency spacing of p-mode oscillations. There is quite strong observational evidence that the typical frequency range of the oscillations scales with the acoustic cut-off frequency (Kjeldsen & Bedding 2004; Stello et al. 2008) , as suggested by Brown et al. (1991) . There is also good agreement between the observed frequency spacings and those predicted by scaling the square root of the stellar density Kjeldsen & Bedding (1995) ; Kjeldsen et al. (2008b) . However, there is less of an agreement when it comes to the amplitude of the modes, which might be related to the often unknown mode lifetime. Kjeldsen & Bedding (1995) suggested that the amplitude per mode would be proportional to the luminosity-to-mass ratio in velocity and LM −1 T eff −2 in intensity. This was based on measured amplitudes from various types of oscillating stars. More recent theoretical studies by Samadi et al. (2005) indicate that (L/M ) 0.7 T eff −2 in intensity might be a better scaling factor.
Oscillations have now been clearly detected in a few bright red giant field stars, both in velocity (Frandsen et al. 2002; De Ridder et al. 2006; Hatzes & Zechmeister 2007) and photometry (Barban et al. 2007 ). While earlier datasets were not adequate to clearly establish the p-mode nature of the detected variability, the more recent measurements leave little or no doubt as the reality of p-mode oscillations in red giants. However, there is still no clear consensus on the mode lifetimes, and it is still not well known to what extent non-radial modes are present. For the star ξ Hya Stello et al. (2006) found a mode lifetime of a few days assuming only radial modes, which was significantly shorter than the theoretical value of about 17 days derived by Houdek & Gough (2002) . Similarly for ǫ Oph, Barban et al. (2007) also found a short mode lifetime assuming only radial modes, while Kallinger et al. (2008a) used the same photometry to conclude that this star showed both radial and non-radial pulsations with mode lifetimes of roughly 10-20 days.
After indications of p-mode oscillations were obtained in a large sample of red giant stars from a 38-h run on the globular cluster 47 Tuc ([Fe/H]≃ −0.7) with the Hubble Space Telescope (HST) (Edmonds & Gilliland 1996) , large efforts have been made to detect p-mode oscillations in stellar clusters based on extended ground-based photometry. The open cluster M67 ([Fe/H]≃ 0.0) has so far only provided marginal detections in a few red giants (Gilliland et al. 1993; Stello et al. 2007 ). The results by Stello et al. (2007) showed slightly better agreement with the LM −1 T eff −2 scaling than the (L/M ) 0.7 T eff −2 scaling. However, no strong conclusions could be drawn because the extent to which non-radial modes were present could not be established. Aimed at the red giant population of the metal-poor globular cluster M4 ([Fe/H]≃ −1.2) Frandsen et al. (2007) were only able to establish upper limits on the amplitudes, which were not in agreement with the LM −1 T eff −2 scaling, but still consistent with the more modest estimates from the (L/M ) 0.7 T eff −2
scaling. Frandsen et al. (2007) suggested the lower amplitudes in M4 relative to M67 could be due to its lower metallicity. This is supported by the velocity measurements of the subgiant field star ν Ind by Bedding et al. (2006) , which is the most metal-poor star ([Fe/H]≃ −1.4) for which p-mode oscillations have been detected so far.
In this paper we aim to detect p-mode oscillations from a group of red giants in the metal-poor globular cluster NGC6397 ([Fe/H]≃ −2.0; Richer et al. (2008) ) from 23 days of photometry from the HST, and use those results to test the scaling relations for the mode amplitudes. First, we give a detailed description of the non-standard data reduction that was required for this investigation in § 2. Then, in § 3 we provide the derivation of stellar parameters and estimated asteroseismic characteristics, which leads to the time-series analysis in § 4, and estimates of the mode amplitudes in § 5. In § 6 we search for a regular pattern in the power spectrum of the times series, and discuss our results in § 7. Finally, we give the conclusions in § 8.
OBSERVATIONS OF NGC6397
The data on the red giants presented in this paper were serendipitously obtained as part of GO-10424 (Richer et al. 2008 ), a program executed over 2005 March 17 -April 9 during 126 orbits with the HST's ACS/WFC (Cycle 13). While the original program aimed to probe the bottom of the white dwarf cooling sequence of NGC 6397 through deep imaging of a single field in this nearby globular cluster (Hansen et al. 2007 ), we use the 363 exposures as one 23-day times series to allow detection of stellar variability. During each 96-minute orbit, typically one exposure through the F606W filter was obtained, which was bracketed by two exposures through the F814W filter separated by roughly 16 minutes. Figure 1 shows the time series of one of the stars. The exposure times were on average 713 seconds for F606W and 742 seconds for F814W. However, the data acquisition was not optimized for our purpose, the red giants were saturated, and images were dithered over several pixels -both effects adding noise to the final time series.
Due to saturation we had to abandon PSF fitting for the target stars, and instead use aperture photometry. The goal of the following step was to find an aperture mask, as small as possible, for each star that would always encompass all of the pixels that were ever bled into for the over-saturated stars. We first formed a stack of the longest exposures after shifting them to a common x, y position. The frame-to-frame offsets were found by fitting PSFs to 42 non-saturated stars in each image, and solving for offsets, rotation, and plate scale changes relative to an overall mean. Then, for each pixel in the stack we looked at the distribution of counts, and assigned the pixel to be part of the aperture if there was more than one value in the distribution near the known saturation threshold of the chip. In case there was only one value near saturation it would more likely be due to a cosmic ray event, and was ignored to avoid spuriously large apertures. This was done separately for the two filters, and was based on 84 exposures of 769 seconds in F606W and 93 exposures of 804 seconds in F814W, the longest exposure time used for either filter. We were now able to extract simple aperture photometry for the 510 brightest stars on chip WFC1 that did not bleed off the edges. This included 255 stars that were slightly saturated (bleeding never exceeded a radius of 3 pixels), and 255 stars with significant saturation. For the brightest star the aperture contained slightly more than 10,000 pixels and was nearly 1700 pixels tall along the bleeding direction. Due to small number statistics only one of the two chips -WFC1 -contained stars suitable for this investigation which is aimed at red giants with the F814W magnitude 13.
To reduce the spurious noise introduced by the dithering we decorrelated the time series with a large number of external parameters. For previous experiments with HST data where the dithering had been within ±0.5 pixels, the primary decorrelation vectors were simply the x, y offsets frame-to-frame (Gilliland 2008) . For these observations the dithering placed equal amounts of data in 10 widely separated pixels, with data points within each position uniformly distributed in time. In examining the raw time series it was obvious that unique offsets in the photometry often existed for one (or more) of these offset positions. We remove those offsets by decorrelating with nine independent vectors while adjusting to a common zero point corresponding to the 10th dither position. For most time series linear correlation coefficients remained small for most terms. But, sometimes when photometric offsets unique to a dither position existed, the correlation could be larger than 0.9.
Within each dither position there were additional subpixel offsets which varied up to ±0.25 pixels. These tended to be along an x, y diagonal. Hence we formed 10 additional vectors -one for each dither position -to remove photometry variations that correlated with the sub-pixel offsets. Again, it was usually the case that linear correlations between these sparsely populated vectors and the photometry were small.
We included a total of four more decorrelation vectors: (1) a median over the 510 input stars to enforce an ensemble mean; (2) the local sky value frame-to-frame to correct any systematic errors in the initial sky subtraction; (3) the frame-to-frame exposure time to correct non-linearities; (4) and a goodness of fit parameter from the earlier step of fitting PSFs to deal with any focus changes. Again, most correlations remained small, but occasionally a star would see dramatic improvement from one of these terms. The decorrelations were performed iteratively with allowance for dropping points for which deviations were larger than 4σ. Over the 242 frames in F814W and 121 frames in F606W an average of 4.4 points and 1.4 points were removed, respectively.
To test that the large number of decorrelation parameters (24 in total) did not wreak havoc with the data, we performed the following experiment. Starting with the original non-decorrelated time series for the 510 stars we injected sinusoidal signals with amplitudes of 0.001 and frequencies that uniformly spanned 1 to 100µHz, after which we decorrelated the resulting time series. Separately, we injected the same set of sinusoids in the original data after decorrelation, and then compared signals between the two. This comparison showed that our decorrelation process made almost no difference for the injected sinusoids at any frequency.
Overall, the final time series rms remains about 50% above the Poisson limit in the stars that are slightly saturated, to a factor of two above for more strongly saturated stars, as illustrated in Figure 2 . The inability to eliminate most cosmic rays in these heavily saturated stars can explain much of this excess residual. Among the red giant stars we see additional excess rms, which is likely intrinsic stellar variability.
STELLAR PARAMETERS
Within the 510 stars we used Table 1 of Richer et al. (2008) to select all of the proper motion cluster members brighter than 14.1 magnitude. Adopting the absolute photometry from Richer et al. (2008) we show in Figure 3 those bright cluster members and an appropriate isochrone from the BaSTI grid (Pietrinferni et al. 2004) for age = 13 Gyr, Y = 0.245, and Z = 0.0001 corresponding to [Fe/H]= −2.3. The model uses scaled solar mixture, no overshooting, and assumes a mass loss parameter of η = 0.4. To match the bright cluster stars with the isochrone we adopted a reddening and distance modulus of E(F 606W − F 814W ) = 0.18 and (m − M ) F814W = 12.6 respectively in agreement with previous values in the literature (e.g. see Richer et al. (2008) and references therein). We obtained the stellar parameters L/L ⊙ , T eff and M/M ⊙ by matching each star to the isochrone. We then estimated the frequency at maximum power, the characteristic frequency spacing between modes of successive radial order, and the mode amplitude using the scaling relations from Kjeldsen & Bedding (1995) and Samadi et al. (2005) . The results are listed in Table 1 . The first column is the star number, second to fifth columns are x, y, F814W, and F606W-F814W from Table 1 of Richer et al. (2008) , columns 6-9 are luminosity, temperature, radius and mass, and the last four columns are expected frequency of maximum power, the characteristic frequency spacing, and the amplitude based on two different scaling relations.
TIME-SERIES ANALYSIS
To enhance the signal-to-noise we sought to combine the data obtained through the two filters. Fortunately, there are no phase changes in the solar oscillations observed in different filters with bandpass differences of roughly 200 nm (Jiménez et al. 1999 ), and we therefore expect the same adiabatic behaviour for high-order solar-like oscillations in other stars. Hence, we combine the data by simply scaling the amplitude of one of the datasets to accommodate the 1/λ filter dependence while adjusting their weights to preserve the correct noise level.
Out of the full set of 510 stars power spectra are generally flat, with little evidence of excess low frequency noise coming in as would always be the case with ground-based data. Of the 10 red giants listed in Table 1 we show power spectra (weighted Fourier transform) of the best candidates in Figure 4 . These were selected to have a white noise level below 100ppm (in amplitude) and with expected oscillation frequencies below 100µHz to avoid strong aliasing from the orbital frequency of the spacecraft. Due to daily gaps in the data the spectral window is similar to ground-based single-site observations (see inset in top panel).
A quite strong excess of power at low frequencies is seen for star No. 1 consistent with the expected frequencies from solar-like oscillations indicated with a horizontal line. No other star in our sample shows such a steep increase in power towards low frequencies. Note the much larger ordinate range in the top panel. However, the high peaks in this frequency range are only just resolved and do not support a detailed frequency analysis (see § 6).
The rest of the sample show at most a few intriguing peaks. The maximum signal-to-noise ratio (SNR) is 3.8 (in amplitude) between the highest peak and the average level measured in the frequency range 67-87µHz, denoted n w in Figure 4 for stars 2 -7. Hence, extracting individual peaks from these spectra is barely justified. Instead we look for broad envelopes of excess power by smoothing the spectra and compare that to a Harvey model for the background noise (Harvey 1985) . The solid black curve in Figure 5 shows the smoothed power spectra (scaled to power density) and an overlaid one-component Harvey model (dashed curve)
where p(ν) is the power density at frequency, ν, n w is the lowest level in the power spectrum (assumed to be dominated by white noise), and σ and τ are the rms amplitude and characteristic time scale for the background, respectively. Smoothing is done by convolving the spectra with a Gaussian function of width 4∆ν, which follows the approach by Kjeldsen et al. (2008a) . For comparison we also show with a dashed curve the average smoothed spectrum of star No. 9 and 10, which both have expected frequencies well beyond the plotted range and very low expected amplitudes. Hence, this serves as a reference where we do not expect any detectable signal from oscillations. There appears to be excess power in five out of these six stars, roughly following the same trend as the estimated ν max (horizontal bar). We note that to some extent the location of the excess humps seen in Figure 5 are reproduced by the "oscillation-quiet" reference stars when the same degree of smoothing is applied. In particular, the spectrum of star No. 8, which was discarded due to its high noise level, looked very similar to what we see for star No. 6, suggesting that its excess hump is a noise feature. This is further supported by its location at half the orbital frequency (174 µHz) of the spacecraft.
MODE LIFETIMES AND AMPLITUDES
In the following we use the results from the previous section to estimate the amplitude per mode under the assumption the excess power levels seen in Figure 5 are due to solar-like oscillations. Due to inadequate time resolution and signal-to-noise of our data, the mode lifetimes were not attainable in any of the stars. Hence, we measure the amplitudes following the approach suggested by Kjeldsen et al. (2005) , which is independent of mode lifetime. First we subtract the background from the smoothed power density spectrum and multiply with the mean mode spacing. As we do not know whether non-radial modes are excited in these stars, we used the following average mode spacings to bracket the possible range, ∆ν if radial modes dominate the spectrum and ∆ν/3 for a Sun-like case with both radial and non-radial modes taking into account the relative mode visibilities from whole-disk integrated intensity observations (Kjeldsen et al. 2008a ). We finally take the square root to get the amplitude. From Figure 6 , which shows the result for star No. 1, we conclude that (L/M ) 0.7 T eff −2 scaling (dot) provides better agreement with our measured amplitude range than does the LM −1 T eff −2 scaling. This supports previous findings on metal-poor stars by Bedding et al. (2006) and Frandsen et al. (2007) . We performed similar analyses to the other stars with excess power (No. 2, 3, 6, and 7), which provided ambiguous results. While being in agreement with (L/M ) 0.7 T eff −2 scaling, these low levels of excess power were also consistent with being noise. Recently, Gilliland (2008) derived an amplitude relation calibrated with a large set of red giants in the Galactic bulge observed during seven days with the HST. This relation does not take into account the effect from mode lifetime or length of the time series. While we in the above analysis compared observed amplitude per mode with the theoretical predictions, this relation predicts the rms excess, which Gilliland (2008) 0.5 is not directly comparable to the two previously discussed amplitude scaling relations. We have no comparison stars of the same magnitude, and use instead the first-difference scatter of the star itself to resemble an intrinsic quiet star, which is similar to calculating the rms of the high-pass filtered time series. This leads to an rms excess for star No. 1 of approximately 700 ppm, which is in quite good agreement with the roughly 600 ppm estimated from equation (5) in Gilliland (2008) .
REGULAR FREQUENCY SPACINGS
Further evidence that would support the existence of solar-like oscillations in these data would be a regular series of peaks in the power spectrum corresponding to either the large frequency spacing, ∆ν, if the spectrum is dominated by radial modes or half that if we have significant non-radial modes of degree l = 1 as well. Such regular spacing can be revealed by calculating the autocorrelation function across the power spectrum even for very low signal-to-noise cases where the excess power is not directly apparent in the power spectra (Chaplin et al. 2008 ). We calculated the autocorrelation functions for all six stars shown in Figure 4 , but found no compelling evi- dence of regular spacing that were in agreement with the expected ∆ν. For our most promising star No. 1 the excess power is confined to such a narrow frequency range that the autocorrelation function did not provide robust results. Instead we extracted the eight highest peaks with SNR > 4 relative to the white noise level, which hinted a spacing of about 2.3µHz between five consecutive peaks. This slightly larger than expected frequency spacing is in qualitative agreement with the observed excess power also being at a slightly higher frequency range than expected (see Table 1 ). However, we are cautious about claiming any detection of a regular series of frequencies because the 2.3µHz spacing is only 2-3 times the general spacing seen between successive peaks in the power spectrum, which implies the spacing is barely resolved, and likely influenced if not possibly caused by the (Table 1 cols (10) and (13)).
limiting frequency resolution.
DISCUSSION
The marginal detections of oscillations in this experiment can largely be attributed to the data acquisition process, which was far from ideal for our purpose due to the large scale dithering, extremely saturated stars, and poor duty cycle. The lowest noise levels reached in an amplitude spectrum for these data are about 50 ppm. For stars at brightness comparable to our star No. 1 (V ∼ 12) the Kepler Mission (Borucki et al. 2007 ) will provide 30 minute sampling on stars unsaturated in underlying 6 second co-added exposures, with a Poisson noise level of 65 ppm. With the expectation of near 100% duty cycle a 23 day interval will provide amplitude spectrum noise levels of about 4 ppm, or more than an order of magnitude better than those obtained here. From the CoRoT mission we have already started to see the first glimpse on what to expect from long term monitoring of red giant stars using high-precision space photometry (Hekker et al. 2008; Kallinger et al. 2008b; De Ridder et al. 2009 ). Coupled with a near perfect window function and observations expected to extend over 3.5 years for some 1000 red giants with V ∼ 12, the Kepler data will provide several orders of magnitude gain in capability relative to these serendipitously available data from a (non-ideal for our purposes) HST program.
CONCLUSION
We used data obtained with the HST over 23 days to search for solar-like oscillations in the red giant population of the metal-poor cluster NGC6397. We found evidence for excess power in the power spectra in agreement with expected frequencies from solar scaling. Except for one star this evidence is tentative due to the low signalto-noise, and extraction of individual mode frequencies was not justified. As a consequence mode lifetimes and mode identification was not attainable. For the most promising star (No. 1), the most luminous in our sample, we were able to estimate the amplitude per mode from the excess power, which favours that the amplitude follows a (L/M ) 0.7 T eff −2 relation rather than a LM −1 T eff −2 relation when scaled from the Sun. Unfortunately, the frequency resolution of our dataset does not allow convincing verification of the typical solar-like regular series of peaks in the power spectrum. However, these results still represent the best available evidence of solar-like oscillations in such metal-poor stars.
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